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Abstract- A fast method to assess radiofrequency (RF) radiation absorption in humans 
present in realistic indoor environments is proposed. The only required inputs are the room 
characteristics and the weight and position of the human with respect to the electromagnetic 
source. The method is compared and validated with full FDTD simulations. Various realistic 
scenarios are investigated, in which one to six human phantoms are present. Whole-body 
power absorption ranges from 23.5 to 85.9 µW/kg with a median deviation of about 3.1 dB 
(51%). While this difference may appear large, it is outbalanced by a calculation time of less 
than a second for the proposed method compared to about 17.5 hours for a single single full-
wave electromagnetic simulation. 
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I. INTRODUCTION 
People spend most of their time indoors, i.e., at home, in offices, schools, etc.(1) Adults (30-59 
years old) and young people (15-29 years old) spend 83% and 93% of their time indoor, at 
daytime (8am-6pm) and night (6pm – 8am), respectively. More and more wireless technologies 
such as smartphones and tablets are being used, accessing the wireless local area (WLAN) 
networks using WiFi technology or indoor femtocells using cellular LTE (Long Term Evolution) 
technology. This rapid expansion of wireless devices and networks in indoor environments causes 
an increase of human exposure to radiofrequency (RF) radiation(2). Moreover, the electromagnetic 
fields (EMF) exposure and distribution in indoor environments is very diverse, also when 
comparing different countries(3). Some of these environments such as schools and homes are 
considered as sensitive, since children are often present in them. WHO(4) emphasized the need to 
characterize RF electromagnetic field (RF-EMF) emissions and assess exposure levels for new 






The characterization of indoor exposure and RF power absorption in humans is a difficult task. 
Measurement campaigns in indoor environments are time-consuming and provide only a limited set 
of electromagnetic data and not the actual absorption(5, 6, 2). Only Refs. (7, 8) and Ref. (9) proposed a 
measurement method for indoor absorption and absorption cross section (ACS) in real environments, 
but this method is also time-consuming and expensive measurement equipment has to be used. The 
whole-body specific absorption rate (SAR) can also be determined from personal exposimeter 
data(10,11). As an alternative, full-wave electromagnetic simulations can be performed. However, 
these are very difficult as the full indoor environment has to be modelled in detail; therefore, high 
performance computing (HPC), e.g., employing GPU clusters,  is required to obtain results within a 
reasonable time of hours or days(12). 
Moreover, the radio channel not only consists of specular paths with well-defined discrete 
locations in the different radio channel dimensions (e.g., space, frequency, time, etc.) but also of 
diffuse or dense multipath components (DMC), which are continuous across these dimensions and 
present in the room, due to the non-coherent reflections off scatterers. It has been shown that the 
DMC power density may contribute significantly in indoor environments (up to 95%)(7). Using the 
new modelling approach, based upon the room electromagnetics (REM) approach(9), it will be 
possible to estimate in a fast way the human absorption and ACS in indoor environments. 
Basically, the theory states that the Power Delay Profile (PDP) of indoor environments is 
comprised of two parts: the Line-Of-Sight (LOS) signal, if any, and the diffuse fields. 
Our goal is to assess very fast the whole-body absorption in humans present in real indoor 
environments, only knowing the room characteristics and the weight and position of the human 
with respect to the electromagnetic source (access point or femtocell). To realize this, we propose 
the room electromagnetics method and we validate the proposed method with Finite-Difference 





II. MATERIALS AND METHOD  
A. Configuration 
The following scenarios are considered. In a realistic model of a teleconference classroom (7.47 m 
 5.96 m × 3.1 m) at the Aristotle University of Thessaloniki in Greece, a half-wavelength dipole 
transmitter (Tx) antenna at 2.75 GHz (representative for LTE at 2.6 GHz and WLANs around 
2.4 GHz) was placed at point Tx (Figure 1). This enabled also validation measurements 
[Mouhtaropoulos et al., 2013]. Fifteen scenarios were simulated with the room containing 1 
human model, 3, and 6 human models. Two phantoms of the virtual family were considered, the 
adult male Duke and adult female Ella(13). The 15 scenarios are listed in Table 1, with indication 
of the phantoms (1, 3 and 6) and their locations. Figure 1 shows the FDTD model (Figure 1 (a)) 
and a picture of the classroom (Figure 1 (c)), with the positions of the phantoms in the classroom 
(Figure 1 (b)) as listed in Table 1. 
B. FDTD simulations 
The FDTD calculations were performed with SEMCAD-X (Schmid and Partner Engineering AG, 
Zurich, Switzerland). The model consisted of walls, desks, chairs, etc., of the realistic indoor 
environment with their actual dimensions. The Tx antenna was modeled as an edge source of 
1 V/m amplitude, corresponding to an input power of 14.1 mW. However, all the results were 
normalized to 1 W. The frequency of the harmonic simulation was set to 2.75 GHz, while the 
simulation time was 500 periods. A grid resolution of 1 cm was selected (although not optimal for 
the frequency in the presence of human tissues), resulting in approximately 317.5 million voxels 
in the computational domain. All metallic objects were assumed as perfectly electric conductors. 
The simulation was carried out using four GPU Tesla T10 accelerators with total memory of 





Core AMD Opteron Central Processor Units at 2400 MHz and 16 GBytes of RAM. The total 
simulation time of a single scenario was 17.5 h. 
C. Room electromagnetics method 
Figure 2 shows a flow-graph of the proposed method based upon the REM technique and the 
comparison with full-wave FDTD calculations. The input parameters have been described above 
and consist of the room characteristics, the electromagnetic source, and the phantoms and their 
positions in the room. 
First, for our proposed method, we start with the determination of the incident power densities due 























  (W/m2) (1) 
where P0, d0, τ, and ηpol are the transmitted power, the distance Tx-phantom, the reverberation 
time, and the polarization factor of diffuse fields, respectively. We consider here ηpol = 0.5, 
corresponding to a polarization angle of 45o (9), because we assume complete depolarization. 
Further, V, c0 = 3×108 m/s, and τ are the room volume (138 m3 here), the velocity of light in 
vacuum, and the reverberation time, respectively. The power density Sdmc of the diffuse 
component can thus be important indoor. 
Second, the reverberation time τ (second box in the REM part of Figure 2) of the investigated 
empty room (i.e., without humans), which is the decay rate of the diffuse power in an indoor 
environment and describes all the losses in a complex indoor environment, is determined using 







  (s)  (2) 
With f the frequency under consideration (here 2.75 GHz) and A the total area of the room 
(including the floor, walls, ceiling, and objects). For the considered configuration and room, we 





area), the frequency, and the separation from the source we are able to calculate the reverberation 
time τ of the room and the resulting specular LOS and diffuse incident power densities. 
Third, as mentioned above, we determine now the total whole-body specific absorption rate (SARtot), 
using the REM theory in Figure 2, as the sum of the SAR due to the LOS specular fields SARlos and 
the SAR due to the diffuse fields SARdmc. From the room electromagnetics theory in Ref. (8) (eq. 13 
and 14) we obtain the total whole-body SARtot as follows: 
))1((21.0 3534.0    kSmSARSARSAR totdmclostot  (W/kg)  (3) 
where m the mass (larger or equal to 10 kg, 72.4 kg for the adult man Duke and 58.7 kg for the adult 
female Ella), k the ratio between the absorption cross section (ACS) for LOS fields ACSlos and the 
absorption cross section for diffuse fields ACSdmc (diffuse multipath components or DMC), η the 
ratio between the ACSdmc and the total projected body surface area, and Stot the total power density 
(sum of Slos and Sdmc of eq. (1)); α in eq. (3) is the diffuse percentage Sdmc/Stot calculated from 
eq. (1), i.e., the ratio of the power density in diffuse fields and the total power density. For the 
considered environment α varies from 8% (position 9 near the source) to 26% (positions further 
from the source, e.g., 26-27-28). It is clear that near the antenna Tx the diffuse fields are not 
dominating (lower ratio α of the diffuse percentage) but further from the Tx, DMC power density 
becomes more important with respect to the LOS component power density (higher α). The ratio η 
is determined as 5859.0107827.1 5   f  (f in MHz, eq. (8) of Ref. (8)). For k, the average 
value is considered, i.e., for an azimuth of 45o, k = 0.145(8).  
In summary, the room characteristics and position of phantom in the room (eq. (1) and (2)) and 
the phantom’s weight (eq. (3)) enable to estimate the whole-body SAR of a phantom or person in 





III. RESULTS AND DISCUSSION 
Figure 3 shows a bar plot of the calculated whole-body SAR using the REM theory and the SAR 
obtained using the FDTD simulations for the all considered positions. The error bars were calculated 
from the uncertainties of the FDTD simulations(15,16). Positions closer to the source cause highest 
whole-body absorptions due to the LOS fields. Highest absorptions occur in the female model 
(Ella) because of her lower weight than the male model. A good/acceptable agreement can be 
noticed. The median deviation for Duke and Ella for all positions and scenarios is 3.5 dB (54%), 
and 2.7 dB (46%), respectively. Maximum deviations up to 5 dB (factor 3) are possible. 
Deviations between the two methods are expected anyway, due to the fact that shadowing of the 
phantoms (when multiple models are present at the same time in the room) is not accounted for in 
the REM theory and furniture is also neglected. Moreover, the considered room is relatively small, 
even though it requires a huge effort to calculate with FDTD; therefore, the contribution of the 
diffuse part is not as important as for larger rooms, which would result in better agreement as the 
DMC will dominate for larger separations from the source. This indicates that the REM method is 
a very useful method to estimate very fast real-life whole body absorptions. 
 
The maximum whole-body SAR for all scenarios and positions was 85.9 µW/kg (mean value of 
23.5 µW/kg), thus all values satisfy the ICNIRP basic restriction of 0.08 W/kg for the general 
public(17) for a CW (continuous wave) transmission power of 1 W from the antenna. Table 1 and 
Figure 4 compare the average SARwb over all humans for each scenario. The REM theory 
overestimates the absorption in comparison to the FDTD simulations. An explanation is that the 
roughness of the surfaces (walls, floor, ceiling, etc.) is not modeled in the FDTD simulation. 
Therefore, the contribution of the DMC in the FDTD simulations is smaller than in the REM 





to FDTD) are calculated by the REM method is beneficial in terms of safety assessment, since it 
means that this is a conservative method, which presents a worst-case approach. 
 
The median and maximal deviation for the average SARwb for all scenarios (FDTD versus REM) 
is 3.1 dB (51%) and 4.3 dB (62 %), respectively, which is acceptable to have an estimate about 
actual absorptions in real environments without time-intensive computations or measurement 
campaigns, which have uncertainties for the electric field of ± 3 dB (CENELEC(18)). 
IV. CONCLUSIONS 
In general, one can conclude that the proposed theory is a valid alternative for time-consuming 
simulations or measurements, in order to assess the whole-body absorption in real indoor 
environments. Only room geometrical features and the weight and position of the human with 
respect to the electromagnetic source are the required inputs. Future work will consist of extending 
the theory to considering shadowing due to other present phantoms, accounting for multiple sources 
within a room, and studying various rooms with different characteristics and different phantoms 
present. Furthermore, the REM theory will be applied on measurement data of personal exposimeters 
in indoor environments in order to enable these exposimeters to measure diffuse fields, which can 
dominate indoor environments, instead of only accounting for specular fields, as currently is done. 
Finally, other numerical techniques, like radiosity combined with specular reflections, which is less 
computationally intensive than FDTD, will be implemented for power absorption calculations. 
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List of captions 
TABLE 1: The considered scenarios, present human models, and comparison of the indoor 
average whole-body SAR (W/kg) obtained from the FDTD simulations and REM calculations. 
 
Figure 1: (a) Perspective view of the realistic model (teleconference classroom) with six 
phantoms, (b) Top view of the realistic model (the possible positions where phantoms have been 
placed are indicated with numbers, as well as the position of the Tx antenna) and (c) Photo of the 
teleconference classroom. 
Figure 2: Flow graph of the proposed REM method and comparison with full-wave FDTD 
calculations. 
Figure 3: Comparison of whole-body SAR values obtained using the fast REM method and the 
FDTD simulations, for the different positions within the room. 
Figure 4: Comparison of average whole-body SAR values obtained using the fast REM method 










Positions of phantoms 







1 M 05 19.6 38.6 
2 M 11 27.1 58.6 
3 M 16 18.8 37.7 
4 M 19 12.9 31.8 
5 M 25 10.4 28.5 
6 MFM 07; 09; 18 33.1 48.5 
7 MFM 07; 14; 25 18.7 36.4 
8 MFM 11; 16; 28 19.7 40.9 
9 MFM 11; 19; 24 18.3 41.2 
10 MFM 16; 19; 26 13.2 32.4 
11 MFMFMF 01; 05; 06; 17; 20; 26 19.2 38.2 
12 MFMFMF 02; 08; 13; 16; 22; 27 19. 40.8 
13 MFMFMF 04; 06; 10; 11; 15; 28 26.1 48.7 
14 MFMFMF 04; 06; 16; 20; 21; 29 16.8 35.6 
15 MFMFMF 09; 13; 20; 21; 28; 29 16.1 36.1 
REM = room electromagnetics method, FDTD = Finite-difference time-domain 
M= male Duke, F = female Ella 
Positions are indicated on Figure 1 and separated by a semicolon 
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